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We  report  electrochemical  studies  of  high  voltage  cathodes  composed  of  lithium  rich  “layered¬ 
layered”  material  having  the  nominal  composition  Li1.2Mno.525Nio.175Coo.1O2,  or  equivalently 
0.6Li[Lii/3Mn2/3]02-0.4Li[Mno.3Ni0.45Coo.25]02.  These  aspects  were  investigated  by  cyclic  voltammetry 
studies  in  conjunction  with  electrochemical  impedance  spectroscopy  measurements  to  understand  the 
redox  reactions  involving  multiple  transition  metals  and  their  capacity  contribution  at  higher  voltages, 
up  to  4.9  V.  Further,  cathodes  with  1.5wt.%  carbon  nanofibers  added  to  the  Li1.2Mno.525Nio.175Coo.1O2 
composite  electrode  showed  stable  reversible  capacities  of  about  280  mAh  g-1  when  cycled  to  4.9  V  for 
more  than  100  cycles,  and  almost  a  factor  of  two  improvements  in  the  rate  performance  compared  to  the 
electrode  composition  prepared  using  conventional  composition  (7.5%  carbon  black  and  7.5%  binder). 

Published  by  Elsevier  B.V. 


1.  Introduction 

During  the  last  three  decades,  a  large  variety  of  materials 
have  been  synthesized  and  evaluated  as  cathode  materials  for 
Li-batteries  [1-4].  Notable  among  them  is  the  layered  LiM02 
(M  =  Co,  Ni,  Mn)  compositions  which  have  already  found  appli¬ 
cation  in  rechargeable  lithium  ion  battery  technology  [1,5]. 
However,  only  about  50-60%  of  the  theoretical  capacity  can 
be  utilized  in  practical  cells  because  of  structural  and  chemi¬ 
cal  instabilities  associated  with  deep  charge  of  Li!_xlVI02(x>0.5) 
along  with  safety  issues  [1,5].  In  order  to  increase  the  energy 
density,  recent  developments  have  focused  on  the  lithium  rich 
Li-Ni-Mn-Co  oxide  compounds  that  have  significantly  higher 
capacities  [6-33].  These  materials  can  be  represented  using  either 
(i)  structurally  integrated  two-component  solid  solution  nota¬ 
tions  such  as  xLi2Mn03  (1-x)  LiM02  (layered-layered  in  which 
the  Li2Mn03  component  is  electrochemically  activated  above 
4.4  V  vs.  Li/Li+)  or  (ii)  standard  notation  as  Lii+yM1_y02  (M  =  Mn, 
Ni,  Co)  [18-34].  For  example,  the  composition  studied  here 
0.6Li[Li1/3 Mn2/3  ]02 -0.4Li[Mn0.3 Ni0.45 Co0.25  ]02  (hereafter  Li-rich 
MNC)  can  be  alternately  expressed  as  Lii.2Mn0.525Ni0.i75Coo.i02 
in  the  standard  notation  for  such  layered  compositions  [18-34]. 
Electrodes  based  on  these  Li-rich  MNC  compositions  can  oper¬ 
ate  at  high  anodic  potentials  of  4.9  V  vs.  Li/Li+  and  provide 
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capacities  >250  mAh  g-1  [18-34].  However,  there  are  still  major 
issues  that  need  to  be  addressed  before  these  compounds  can 
be  consider  as  high-energy  cathodes  for  Li-ion  batteries,  espe¬ 
cially  for  electric  vehicle  application.  Notable  among  them  are 
poor  rate  capability,  high  first  cycle  irreversibility  and  significant 
decrease  in  the  discharge  voltage  plateau  with  successive  cycling 
[19-34]. 

The  large  irreversible  capacity  loss  in  the  range  of 
50-1 00  mAh  g_1  in  the  first  cycle  [17-32]  is  attributed  to  the 
extraction  of  Li20  followed  by  elimination  of  oxygen  ion  vacancies 
from  the  lattice  during  first  charge,  resulting  in  a  lower  number 
of  sites  for  insertion  and  extraction  of  Li+  in  the  subsequent 
cycles  [16,20].  Further,  detailed  structural  and  phase  transitions 
associated  with  such  lithiation-delithiation  processes  at  higher 
voltage  (>4.4  V)  are  not  fully  understood  yet. 

This  paper  reports  the  progress  in  understanding  the  electro¬ 
chemical  behavior  of  Li-rich  MNC  phases  cycled  to  higher  voltage 
(4.9  V)  without  use  of  any  high  voltage  electrolytes  additives  or 
surface  coatings.  Further,  we  report  improved  rate  performance  of 
Li-rich  MNC  cathodes  using  carbon  nano-fiber  as  an  electrode  addi¬ 
tive.  These  results  are  arranged  in  three  major  parts.  The  first  part 
discusses  the  characterization  of  the  structure  and  morphology  of 
Li-rich  MNC  active  material,  carbon  nanofiber  additives  and  the  as 
fabricated  electrodes.  The  second  part  reports  the  electrochemical 
properties  of  the  Li-rich  MNC  phase  based  on  cyclic  voltammetry 
and  electrochemical  impedance  spectroscopy.  Finally,  we  report 
the  improvement  in  the  capacity,  rate  capability  and  cycle  life  of 
Li-rich  MNC  by  addition  of  a  small  quantity  of  carbon  nanofiber  in 
the  composite  electrode. 


0378-7753 /$  -  see  front  matter.  Published  by  Elsevier  B.V. 
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2.  Experimental 

2.1.  Structure  and  morphology 

Li  rich  MNC  powder  was  obtained  from  the  pilot  scale  synthesis 
facility  of  TODA  materials  corporation,  Japan  and  detailed  charac¬ 
terization  studies  were  performed  at  Oak  Ridge  National  Laboratory 
to  study  their  performance  and  cycle  life.  Carbon  nanofibers  (CNFs) 
manufactured  by  Applied  Sciences  Inc.,  OH,  USA.  The  CNFs  were 
produced  by  chemical  vapor  deposition  at  3000 °C  [35].  Powder 
X-ray  diffraction  (XRD)  measurements  were  performed  using  an 
XDS  2000  diffractometer  (reflection  0-0  geometry,  Cu  Ka  radiation, 
receiving  slit  0.5  mm,  scintillation  counter,  40  mA,  45  kV)  from  Scin- 
tag,  Inc.,  CA,  USA.  The  diffraction  data  were  collected  at  0.025  step 
widths  over  a  20  range  from  10°  to  90°.  The  morphology  of  Li-rich 
MNC  particles,  CNFs  and  electrodes  were  characterized  by  Hitachi 
S-4800  scanning  electron  microscope  (Hitachi  High  Technologies 
America,  Inc.,  USA)  equipped  with  a  Thermo  NORAN  system  6  X- 
Ray  microanalysis  system  supported  by  a  NanoTrace  LN-Cooled  Si 
(Li)  detector  for  Energy-dispersive  X-ray  Spectroscopy  (EDX)  anal¬ 
ysis.  The  active  surface  area  of  the  material  was  measured  by  the 
Brunauer,  Emmet  and  Teller  (BET)  method  with  a  Quantachrome 
Instrument,  FL,  USA  and  the  particle  size  distribution  was  measured 
with  a  laser  scattering  particle  size  distribution  analyzer  (Horiba 
LA950  from  HORIBA  Jobin  Yvon  Inc.,  NJ,  USA).  Raman  spectroscopy 
of  CNFs  was  carried  out  using  an  Alpha  300  confocal  Micro-Raman 
set  up  from  Witec  Instruments,  Germany. 

2.2.  Electrochemical  measurements 

The  electrochemical  performance  of  the  cathodes  comprising 
Li-rich  MNC  as  the  active  mass  was  evaluated  using  two  and  three- 
electrode  coin-type  cells  (size  CR2032,  Hohsen  Corp.,  Japan)  with  a 
polypropylene  membrane  separator  (type  2325,  Celgard,  Inc.,  USA). 
For  comparison,  we  tested  standard  electrodes  prepared  with  an  N- 
methylpyrrolidone  (NMP)  (Aldrich,  99.5%  purity)  slurry  of  Li-rich 
MNC,  PVDF  (Aldrich),  and  C-black  (CB)  (Super  P)  in  wt.%  ratio  of 
85:7.5:7.5  (hereafter  ‘conventional  electrodes’)  against  a  slurry  of 
Li-rich  MNC,  PVDF,  C-black  and  carbon  nano-fiber  (85:7.5:6:1.5) 
(hereafter  ‘CNF-added  electrodes’).  Both  types  of  electrodes  com¬ 
prised  ~10mg  of  active  Li-rich  MNC  per  cm2  on  Al  (Alfa  Aesar, 
99.99%  purity)  current  collector,  which  is  comparable  to  commer¬ 
cial  electrodes.  Lithium  foils  (purity  99.9%,  Alfa  Aesar)  were  used 
as  counter  and  reference  electrodes.  The  electrolyte  solution  was 
1 .2  M  LiPF6  in  a  1 :2  mixture  of  ethylene  carbonate  (EC)  and  dimethyl 
carbonate  (DMC)  by  weight  (battery  grade,  Novolyte  Technologies, 
USA)  with  HF  and  H20  impurity  less  than  50  and  20  ppm,  respec¬ 
tively.  Electrochemical  cells  were  assembled  in  glove  boxes  filled 
with  high  purity  argon.  After  assembling,  the  cells  were  stored  at 
room  temperature  for  about  12  h  to  ensure  complete  impregna¬ 
tion  of  the  electrodes  and  separators  with  the  electrolyte  solution. 
Electrochemical  measurements,  including  impedance  and  CV  in 
three-electrode  coin-type  cells,  were  carried  out  using  Solartron 
equipment  (models  1470E  and  1455,  Solartron  Analytical  Ltd., 
UK)  driven  by  Corrware  and  ZPlot  software  (Scribner  Associates, 
USA).  Impedance  measurements  at  various  cell  potentials  were 
carried  out  in  a  frequency  range  between  1  MHz  and  5  mHz.  For 
this  purpose,  the  electrodes  were  charged  from  open  circuit  volt¬ 
age  to  various  potentials  and  equilibrated  for  2h.  Galvanostatic 
charge-discharge  cycling  was  carried  out  using  a  multichannel 
battery  tester  (model  4000,  Maccor  Inc.,  Tulsa,  OK,  USA)  in  two- 
electrode  coin-type  cells.  Cells  were  cycled  in  a  potential  range 
of  2. 5-4.9  V  using  a  constant  current  plus  constant  voltage  (CCCV) 
charge,  i.e.,  charging  continued  at  4.9  V  until  the  current  reached  a 
value  corresponding  to  C/50  value.  Discharge  was  tested  by  a  con¬ 
stant  current  protocol  at  various  rates  to  the  2.5  V  cutoff  potential. 


Galvanostatic  charge-discharge  cycling  was  carried  out  with  at 
least  ten  2-electrode  cells  and  impedance-cyclic  voltammetry  were 
conducted  with  at  least  two  3-electrode  coin-type  cells  to  validate 
the  reproducibility  of  the  results. 

3.  Results  and  discussion 

3.1.  Structure  and  morphology 

The  current  Li-rich  MNC  composition  is  the  solid  solution  of 
0.6  Li  [Li1/3Mn2/3]  O2-0.4Li  [Mno.3Nio.45Coo.25]  02.  Fig.  la  presents 
XRD  data  of  Li-rich  MNC  powder  corresponding  primarily  to  the  R- 
NaFe02  structure  (03  structure)  [18-21,24,25,27-30].  A  weak  peak 
around  21°  corresponds  to  integrated  monoclinic  Li  [Li^Mn^] 
02  phase  (C2/m),  originating  from  the  ordering  of  Li+  ion  in  the 
transition  metal  layer  [27-29].  SEM  images  of  Li-rich  MNC.  SEM 
images  of  the  Li-rich  MNC  particles  are  presented  in  Fig.  lb.  As 
seen  in  image,  the  aggregated  secondary  particles  are  spherical 
in  shape  having  a  diameter  ranging  between  5  and  1 5  p,m.  The 
secondary  particles  comprise  of  primary  particles  having  sizes 
between  80  and  llOnm  (Fig.  lc).  For  the  studied  composition, 
Lili2Mn0.525Nio.i75Co0.i02,  the  particle  size  distribution  obtained 
from  laser  diffraction  method  (not  shown  here)  was  found  to  be  as 
follows:  d  (0.1)  =  7.3,  d  (0.5)  =  11.6,  d  (0.9)  =  17.1  pan.  This  signifies 
the  average  secondary  particle  size  is  ~12  pan  (d  (0.5)  =  11.6). 

The  active  surface  area  of  the  material  were  estimated  to  be 
3.2  m2  g_1  by  the  Brunauer,  Emmet  and  Teller  (BET)  method  and 
the  tap  density  of  material  was  about  1 .74  g  cm-3.  Elemental  analy¬ 
sis  by  energy  dispersive  analysis  of  X-rays  shows  the  ratio  between 
Mn:Ni:Co  to  be  0.525:0.175:0.1  in  agreement  with  the  composi¬ 
tional  analysis  of  the  supplier.  Fig.  Id  presents  the  SEM  image  of 
the  composite  electrode  having  7.5%  each  of  CB  and  PVDF  and  85% 
of  Li-rich  MNC  particles,  which  are  mostly  covered  with  CB  and 
PVDF  particles.  Fig.  2a  shows  the  SEM  image  of  CNFs.  They  appear 
to  be  thread-like  structures  with  an  outer  diameter  of  100-200  nm 
and  a  hollow  core  typically  about  1/2-2/3  of  the  total  fiber  diame¬ 
ter.  Fig.  2b  presents  the  Raman  spectrum  of  the  CNFs,  reflecting 
the  strong  graphitic  nature  of  the  material.  The  strong  band  at 
1590  cm-1  mainly  corresponds  to  the  G-line  associated  with  the 
optically  allowed  E2g  vibration  of  the  graphitic  structure.  The  peak 
around  1361cm-1  mainly  corresponds  to  the  D-line  associated 
with  disordered  carbon  vibrations.  The  strong  graphitic  peak  at 
1590  cm-1  followed  by  a  weak  defect  (D)  band  suggests  that  the 
fibers  are  highly  conducting  with  carbon  atoms  mainly  having  sp2 
type  bond  geometry  [36].  The  second  order  peaks  at  2700  and 
2450  cm-1  are  marked  by  an  asterisk  in  Fig.  2b.  Fig.  2c  shows  the 
SEM  image  of  the  composite  electrodes  with  7.5%  of  PVDF,  6%  CB, 
1.5%  CNFs  Li-rich  MNC  particles  demonstrating  the  CNF  forming  a 
conducting  network  around  the  secondary  aggregates. 

3.2.  Electrochemical  studies 
3.2.1.  Cyclic  voltammetry 

Fig.  3  presents  typical  initial  and  steady  state  cyclic  voltam- 
mograms  (CVs)  of  CNF-added  composite  electrodes  comprising 
Li-rich  MNC  as  the  active  mass  with  different  charge  cutoff 
potentials,  obtained  at  a  scan  rate  of  lOOpA/s-1  and  at  25  °C. 
As  previously  reported  for  layered  Li-Ni-Mn-Co  system  (e.g., 
LiNi1/3Mn1/3Co1/302  or  LiNio.5Mno.3Coo.2O3  and  similar  composi¬ 
tions),  the  redox  peaks  at  3.85/3.6  V  corresponds  to  Ni2+/Ni4+  redox 
reaction  in  the  Li-Ni-Mn-Co  oxide  lattice  [5,37]  and  hence  it  is 
expected  to  be  same  for  the  Li-rich  MNC  system  as  well.  The  high 
redox  potential  4.5  V/4.3  in  Li-rich  MNC  is  due  to  the  partial  redox 
contribution  from  Co3+  to  Co4+  that  corresponds  to  the  second  elec¬ 
tron  transfer.  The  CVs  of  layered  Li-Ni-Mn-Co  system  does  not 
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Fig.  1.  (a)  XRD  patterns  of  the  Li1.2Mno.525Nio.175Coo.1O2  (Li-rich  MNC)  particles.  Miller  indexes  of  the  main  reflections  are  indicated.  Si  powder  was  added  as  a  reference  to 
Li-rich  MNC  powder.  The  silicon  peaks  are  marked  as  Si.  (b)  SEM  image  of  bare  Li-rich  MNC  particles  (3000  x ;  scale  bars  are  10  pm),  (c)  zoomed  image  of  a  secondary  Li-rich 
MNC  particle  comprise  of  primary  particles  having  sizes  between  80  and  llOnm  (50,000x;  scale  bars  are  1  pm)  and  (d)  SEM  image  of  the  composite  cathode  (termed  as 
conventional  cathode)  containing  85%  Li-rich  MNC  particles  -  7.5%  PVDF  -  7.5%  CB  (5000x ;  scale  bars  are  10  pm). 


usually  show  Co3+/Co4+  redox  peaks  as  they  are  normally  cycled 
below  4.5  V.  Parallel  study  (data  not  presented  here)  shows  the 
capacity  measured  in  the  potential  range  of  2.5-4.5  V  shows  that 
only  Li  [Mno.3Nio.45Coo.25]  02  is  activated  in  this  region  (which  is 
also  seen  in  the  scan  1  between  2.5  and  4.5  V  of  Fig.  3).  Charging 


Carbon  nanofiber 


CNF  mixed  cathode 


to  4.9  V,  results  in  the  electrochemical  activation  of  the  Li2Mn03 
component  by  its  decomposition  to  Li20  and  Mn02.  So  this  peak  at 
3.0  V  becomes  apparent  after  charging  to  4.9  V  and  can  be  ascribed 
to  the  oxidation  (at  3.2  V  -  anodic  delithiation)  and  reduction  (at 
3.0  -  cathodic  lithiation)  of  the  manganese  ions  Mn3+/Mn4+  that 


Fig.  2.  (a)  SEM  image  of  carbon  nanofibers  (CNFs),  (b)  Raman  spectrum  of  CNFs  indicating  D,  G  bands  and  second  order  graphitic  peaks,  (c)  SEM  image  of  the  CNF-added 
composite  cathode  containing  85%  Li-rich  MNC  particles-7.5%  PVDF-6%  CB,  1.5%  CNFs  ( 1 0,000 x;  scale  bars  are  1  pm). 
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Fig.  3.  Cyclic  voltammograms  (100  jjlV  s-1  )  measured  with  CNF-added  lithium  rich 
MNC  composite  electrodes  at  cutoff  potential  between  2.5  and  4.9  V  (cycles  1-5) 
in  EC-DMC  l:2/LiPF6  1.2  M  solution  at  25  °C.  Data  between  2.9  V  and  2.5  V  during 
first  cycle  were  noisy  and  hence  deleted.  The  inset  is  the  CVs  (cycles  between  11 
and  15)  at  25  pV  s-1  measured  with  CNF-added  lithium  rich  MNC  electrodes  clearly 
indicating  Mn,  Ni,  Co  redox  species. 

may  take  place  in  the  electrochemical  reaction  after  the  Li2Mn03 
component  has  been  electrochemically  activated  [18-21,30].  The 
large  irreversible  capacity  (later  shown  in  Fig.  5b)  is  aptly  reflected 
in  the  first  cycle  CV  after  4.4  V  by  the  large  anodic  peak.  Slow  scan 
CVs  (cycles  11-15)  at  25  p,Vs-1  for  CNF-added  Li-rich  composite 
electrodes  presented  in  the  inset  to  Fig.  3  clearly  indicating  Mn, 
Ni  and  Co  redox  behaviors.  The  successive  CVs  after  the  first  cycle 


are  overlapping  (cycles  2-5  and  11-15)  showing  no  loss  of  capac¬ 
ity  or  net  electrochemical  activity  within  the  desired  voltage  range. 
This  high  voltage  stability  is  further  supported  by  the  galvanostatic 
cycling  experiments  at  various  operating  potentials,  as  described 
in  the  subsequent  section. 

3.2.2.  Electrochemical  impedance  spectroscopy  (EIS) 

Fig.  4  shows  impedance  spectra,  presented  as  Nyquist  plots,  of 
CNF-added  Li-rich  MNC  composite  electrodes  at  25  °C  measured  at 
various  equilibrium  potentials:  (a)  3.0  V,  3.5  V,  4.0  V;  (b)  4.0  V,  4.2  V, 
4.4  V,  4.5  V;  (c)  4.5  V,  4.6  V,  4.8  V,  4.9  V,  5.0  V;  and  (d)  zoomed  image 
of  4.8  V,  4.9  V,  5.0  V  as  indicated.  They  are  presented  in  four  different 
Nyquist  plots  for  better  clarity  instead  of  one  plot.  The  overall  EIS 
responses  depend  strongly  on  electrode  potential  or  state  of  charge 
(SoC).  The  impedance  spectra  of  the  electrodes  contain  (i)  a  high  to 
medium  frequency  feature  that  appears  like  a  flat  semicircle  most 
likely  originating  from  the  resistance  due  to  the  surface  passivation 
film  and  (ii)  a  medium  to  low  frequency  semicircle,  which  related 
to  the  interfacial  charge-transfer  resistance.  The  surface  layer  resis¬ 
tance  (resistance  of  Li+  migration  through  the  surface  films  that  are 
formed  on  all  lithiated  transition  metal  oxide  cathodes)  decreases 
from  open  circuit  voltage  until  4.0  V  and  it  is  almost  the  same  for  all 
other  voltages  >4.0  V.  The  charge  transfer  resistance  Rc t  decreases 
with  Mn  and  Ni  oxidation  (from  open  circuit  voltage  until  4.0  V) 
and  increases  after  4.2  V.  The  activation  of  the  Li2Mn03  compo¬ 
nent  by  its  decomposition  to  Li20  and  Mn02  starts  above  4.2  V.  The 
increase  in  ftCT  can  be  ascribed  either  to  the  passivating  effect  of 
Mn02  on  the  electrode  surface  after  4.2  V  or  to  the  structural  rear¬ 
rangements  of  the  Li-rich  MNC  electrodes  due  to  oxygen  loss  from 
lattice  [30].  The  low-frequency  straight  line  at  voltages  between 
3.0  V  and  4.2  V,  which  resembles  a  ‘Warburg’-type  element,  belong 


Z'  /Q  cm'2 


Fig.  4.  A  family  of  impedance  spectra,  represented  as  Nyquist  plots,  of  CNF-added  Li-rich  MNC  composite  electrodes  at  25  °C  measured  at  various  equilibrium  potentials  (a) 
3.0, 3.5,  4.0  V,  (b)  4.0, 4.2,  4.4,  4.5  V,  (c)  4.5,  4.6, 4.8,  4.9,  5.0  V  and  (d)  zoomed  image  of  4.8,  4.9,  5.0  V  as  indicated  at  T=25°C  during  Li-deintercalation  processes. 
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Fig.  5.  (a)  Discharge  capacity  data  at  various  potentials  (as  indicated)  of  CNF-added  Li-rich  MNC  composite  electrodes  at  C/10  rate,  in  EC-DMC  l:2/LiPF6  1.2  M  solutions 
(coin-type  cell,  T=  25  °C).  Cycling  protocol  was  constant  current-constant  voltage  providing  potentiostatic  steps  at  desired  higher  cut-off  potential  until  the  current  reach 
value  of  C/50.  The  lower  cut  off  potential  was  2.5  V  vs.  Li/Li+.  The  faradaic  efficiency  during  operation  between  2.7  and  4.9  V  is  also  presented  in  the  right  T-axis.  (b)  Voltage 
profiles  of  CNF-added  Li-rich  MNC  composite  electrodes  measured  galvanostatically  at  C/10  rate  during  100  cycles  (cycle  numbers  are  indicated  in  the  voltage  profile)  at 
25  °C.  The  cycling  protocol  was  same  as  above. 


to  the  solid-state  diffusion  of  Li  ions  within  the  solid  active  mass. 
After  4.2  V  the  ‘Warburg’-component  disappears  and  spectra  looks 
like  only  two  semi  circles  (Fig.  4c  and  d).  The  Mn3+/Mn4+  redox 
peaks  at  3.0  V  are  reversible  after  electrochemical  activation  of  the 
Li2Mn03  component  by  its  decomposition  to  Li20  and  Mn02.  The 
CVs  of  Li-rich  MNC  electrodes  indicate  that  these  electrodes  can  be 
cycled  at  high  anodic  potentials  up  to  4.9  V.  The  increase  in  Rc t  is 
either  due  to  the  passivating  effect  of  Mn02  on  the  electrode  sur¬ 
face  after  4.2  V  or  to  the  structural  rearrangements  of  the  Li-rich 
MNC  electrodes  due  to  oxygen  loss  from  lattice. 

3.3.  Capacity  and  rate  performance 

Electrochemical  cycling  data  are  presented  in  Fig.  5a  of  four 
different  cells  (C/10  rate  at  25  °C)  for  CNF-added  Li-rich  MNC  com¬ 
posite  electrodes  in  galvanostatic  mode  when  charged  to  various 
cut-off  potentials  (4.5, 4.8, 4.9  and  5.0  V).  In  all  these  experiments, 
discharge  was  carried  out  purely  galvanostatically,  while  charg¬ 
ing  was  performed  using  a  CC-CV  protocol  (see  Section  2).  Similar 
to  the  CV  results,  when  these  cells  are  cycled  between  2.5  and 
4.5  V,  an  initial  capacity  of  160  mAh  g-1  could  be  achieved.  FIow- 
ever,  with  increase  in  the  number  of  cycles  the  capacity  increases, 


and  reversible  capacities  up  to  220  mAh  g-1  could  be  achieved  for 
these  electrodes  within  this  potential  range.  As  already  mentioned 
in  the  literature  [18-23,30],  Li2Mn03  is  activated  above  4.4  V.  So 
the  gradual  increase  in  capacity  can  be  attributed  to  the  slow  acti¬ 
vation  of  a  small  amount  of  Li2Mn03  component  at  4.5  V.  Further 
charging  to  4.8  V  and  above  results  in  the  complete  activation  of 
the  Li2Mn03  component  leading  to  formation  of  Li20  and  Mn02. 
Increasing  the  cycling  window  from  4.8  V  to  4.9  V,  results  a  10% 
increase  in  capacity  for  these  CNF-added  Li-rich  MNC  composite 
electrodes.  Maximum  capacity  of  280  mAhg-1  can  be  achieved  for 
the  CNF-added  Li-rich  MNC  composite  electrodes  at  cut-off  poten¬ 
tial  of  4.9  V  at  C/10  rate.  Increasing  the  upper  cut-off  potential  to 
5.0  V,  showed  no  further  increase  in  capacity.  The  capacities  at  high 
anodic  potentials  4.9  V  and  5.0  V  were  identical  for  few  initial  cycles, 
but  the  discharge  capacities  substantially  decrease  after  5  cycles 
indicating  electrolyte  instability  at  high  anodic  potentials  of  5.0  V.  A 
1 0%  decrease  in  capacity  was  observed  at  the  end  of  50  cycles  when 
the  electrodes  are  cycled  between  2.5  and  5.0  V.  During  their  oper¬ 
ation  between  2.5  and  4.9  V,  the  cells  retain  their  capacity  for  100 
cycles  with  minor  loss  (0.01%  per  cycle)  in  capacity.  Faradaic  effi¬ 
ciency  close  to  99.95%  was  observed  for  these  cells  during  operation 
for  the  first  100  cycles. 
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Fig.  6.  Cycling  behavior  at  C/10  rates  of  charge-discharge  for  the  CNF-added  and 
conventional  Li-rich  MNC  composite  electrodes  (as  indicated)  in  the  potential  range 
2.5-4.9V,  in  EC-DMC  l:l/LiPF6  1.2  M  solutions  at  25 °C.  The  cycling  protocol  was 
similar  to  that  of  Fig.  5. 


Fig.  7.  Comparison  of  rate  capabilities  (charge/discharge  capacity  vs.  rates)  for 
conventional  and  CNF-added  Li-rich  MNC  composite  electrodes  measured  galvano¬ 
statically  at  various  rates  (as  indicated)  at  25  °C.  The  cycling  protocol  was  similar  to 
that  of  Fig.  5. 
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Fig.  8.  Voltage  profiles  of  (a)  conventional  and  (b)  CNF-added  Li-rich  MNC  composite  electrodes  measured  galvanostatically  at  various  discharge  rates  (as  indicated)  at  25  °C. 
The  cycling  protocol  was  similar  to  that  of  Fig.  5. 


Fig.  5b  presents  the  voltage  profiles  for  the  CNF-added  Li-rich 
MNC  composite  electrodes  at  C/10  rate  during  100  cycles  between 
2.5  and  4.9  V.  The  first  charge  voltage  profile  clearly  shows  the  high 
voltage  plateaus  at  4.5  V.  In  previous  reports  by  MacNeil  et  al.  [38] 
and  Armstrong  et  al.  [16],  this  excess  capacity  at  4.5  V  is  attributed 
to  extraction  of  Li20  from  the  lithium  rich  layers  with  a  con¬ 
comitant  loss  of  oxygen.  In  related  work,  Flong  et  al.  reported  the 
excess  capacity  originating  at  the  4.5  V  plateau  resulted  from  the 
hybridization  of  O2-  2p  orbital  and  Mn4+  -3d  orbital  [39]. 

As  shown  in  charge-discharge  profiles  vs.  the  cycle  number 
(Fig.  5b),  with  successive  cycling  the  CNF-added  Li-rich  MNC  com¬ 
posite  electrodes  retains  high  capacity  along  100  cycles  but  the 
discharge  profiles  move  to  lower  voltage  plateaus  showing  signifi¬ 
cant  loss  of  energy.  The  high  voltage  plateau  decreased  by  ~50% 
at  the  end  of  100  cycles.  The  origin  of  such  rapid  drop  in  the 
discharge  voltage  profile  is  at  present  not  fully  understood  but 
could  be  related  to  the  gradual  change  to  a  spinel-like  structure 
[21].  It  should  be  noted  that  these  electrodes  deliver  capacity  of 
175  mAh  g-1  in  the  first  cycle  above  3.5  V  and  this  has  been  reduced 
to  75  mAhg-1  at  the  same  voltage  after  100  cycles.  Flowever,  upon 
full  discharge  to  2.5  V,  these  electrodes  demonstrate  only  minor 
loss  in  capacity  (1%  loss)  during  100  cycles  as  most  of  the  capacity 
is  delivered  at  lower  potentials. 

Fig.  6  presents  cycling  performance  of  CNF-added  compared  to 
conventional  Li-rich  composite  electrodes  at  C/10  rate.  During  the 
extended  cycling,  the  CNF-added  Li-rich  MNC  electrodes  barely  lose 
any  capacity  ( 1  %  capacity  loss)  for  1 00  cycles  whereas  conventional 
electrodes  have  lost  almost  1 0%  of  their  original  capacity  at  the  end 
of  100  cycles.  This  can  be  attributed  to  the  high  conductivities  of 
CNFs,  which  makes  a  good  contact  along  the  spherical  MNC  parti¬ 
cles.  Looking  now  at  the  first  cycle  charge,  both  cathodes  show  an 
anomalously  high  capacity  of  about  325  mAhg-1.  The  irreversible 
capacity  at  the  first  cycle  for  the  CNF-added  Li-rich  composite  elec¬ 
trodes  was  about  16-18%  at  C/10  rate  (Figs.  5b  and  6).  Recent 
literature  reports  indicate  the  origin  of  such  anomalous  first  cycle 
charge  capacity  could  be  due  to  products  of  electrolyte  oxidation 
reactions  at  high  anodic  potentials  or  possible  Li20  formation  (with 
subsequent  release  of  oxygen)  during  electrochemical  activation  of 
Li2Mn03  [16,20,21,30]. 

The  rate  capability  data  for  conventional  and  CNF-added  Li-rich 
MNC  composite  electrodes,  presented  in  Fig.  7,  show  significant 
improvement  with  the  CNF-added  electrodes.  About  7-10%,  higher 
capacity  can  be  achieved  at  low  discharge  rates  (<C/2)  and  25-30% 
higher  capacity  can  be  achieved  for  CNF-added  electrode  than  con¬ 
ventional  electrodes  at  high  discharge  rates  (>1C).  Typically,  the 
CNF-added  Li-rich  composite  electrodes  studied  herein  exhibit  an 
initial  discharge  capacity  of  280-282 mAhg-1  at  low  rates  (C/20), 


260 mAhg-1  at  C/5  rate  and  maintain  high  capacity  retention 
(>99.9%)  upon  cycling  at  various  rates  up  to  5C  rates  (and  back 
to  low  rates)  for  both  the  conventional  and  CNF-added  electrodes. 
Only  60 mAhg-1  capacity  can  be  obtained  for  conventional  Li- 
rich  MNC  composite  electrodes  at  5C  rate,  whereas  CNF-added 
Li-rich  MNC  composite  electrodes  deliver  almost  the  double  capac¬ 
ity  (120 mAhg-1)  of  conventional  electrodes  at  similar  rate.  It  is 
to  be  noted  that  the  electrodes  are  of  comparable  mass  per  cm2 
of  commercial  electrodes.  Still  the  high  rate  performance  of  the 
electrodes  at  5C  and  higher  rates  are  not  impressive.  The  poor 
rate  capability  could  be  related  to  the  low  electronic  conductivity 
associated  with  the  Mn4+  ions  or  the  thick  solid-electrolyte  inter¬ 
facial  (SEI)  layer  formed  by  a  reaction  of  the  cathode  surface  with 
the  organic  electrolytes  [24,27].  In  addition,  poor  rate  performance 
could  be  due  to  poor  solid-state  diffusion  of  Li-rich  MNC.  The  con¬ 
ventional  electrodes  start  declining  capacity  very  rapidly  after  120 
cycles  where  as  CNF-added  Li-rich  MNC  electrodes  maintain  the 
capacity.  These  results  clearly  show  that  the  CNFs  maintain  a  good 
electrical  contact  along  the  Li-rich  MNC  particles;  and  retain  good 
electrochemical  performance  during  long  cycling.  The  discharge 
voltage  profiles  of  CNF-added  and  the  conventional  Li-rich  MNC 
composition  shown  in  Fig.  8a  and  b  exhibit  similar  sloping  pattern 
except  that  CNF  composition  has  better  capacity  retention  at  higher 
rates. 

The  irreversible  capacity  at  the  first  cycle  for  the  CNF-added 
and  conventional  Li-rich  MNC  composite  electrodes  were  iden¬ 
tical,  about  16-18%  at  C/10  rate.  25-30%  higher  capacity  can  be 
achieved  for  CNF-added  electrode  over  conventional  electrodes  at 
high  discharge  rates  (>1C).  Maximum  capacity  of  280  mAhg-1  can 
be  achieved  for  the  CNF-added  Li-rich  MNC  composite  electrodes 
at  cut-off  potential  of  4.9  V  at  C/1 0  rate.  Presumably,  CNFs  maintain 
a  good  electrical  contact  or  network  between  the  Li-rich  MNC  par¬ 
ticles;  and  retain  good  electrochemical  performance  during  long 
cycling. 


4.  Conclusions 

In  this  study,  we  have  reported  detailed  electrochemical  inves¬ 
tigation  of  the  Li  rich  MNC  composition  to  understand  the  origin 
of  the  higher  capacity  during  the  first  charge  cycle  and  the  subse¬ 
quent  electrochemical  behavior  upon  high  voltage  cycling  (4.9  V). 
The  rate  performance  of  the  Li  rich  MNC  composition  is  improved 
by  almost  two  fold  upon  addition  of  about  1 .5  wt.%  highly  graphitic 
carbon  nanofibers  compared  to  the  standard  electrode  composi¬ 
tion  (7.5%  carbon  black  and  7.5%  PVDF).  Reversible  capacities  close 
to  the  280 mAhg-1  at  a  cut  off  potential  of  4.9  V  can  be  achieved 
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for  the  electrodes.  These  CNF  additive  electrodes  behave  reversibly 
for  hundreds  of  cycles  with  only  minor  loss  in  capacity.  The  gradual 
decrease  of  the  high  voltage  discharge  plateau  with  cycle  number 
signifies  structural  and  compositional  changes  undergo  upon  high 
voltage  electrochemical  cycling. 
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